. The mechanism that confers reproducibility to rhodopsin devation of rhodopsin. Like other G protein-coupled receptors, rhodopsin contains multiple sites for phosactivation is not known. One way to explain it is to assume that multiple independent steps, perhaps 10-20, phorylation at its COOH-terminal domain. Transgenic and electrophysiological methods were used to funcare required to quench the activity of one photoexcited rhodopsin (Rieke and Baylor, 1998). Alternatively, a onetionally dissect the role of the multiple phosphorylation sites during deactivation of rhodopsin in intact mouse or two-step deactivation process (e.g., monophosphorylation and arrestin binding) that is regulated by a rods. Mutant rhodopsins bearing zero, one (S338), or two (S334/S338) phosphorylation sites generated sinnegative feedback mechanism might confer sufficient reproducibility (Whitlock and Lamb, 1999). As a first gle-photon responses with greatly prolonged, exponentially distributed durations. Responses from rods step in understanding reproducibility, it is important to determine how many sites on photoexcited rhodopsin expressing mutant rhodopsins bearing more than two phosphorylation sites declined along smooth, reprobecome phosphorylated during deactivation, since mulducible time courses; the rate of recovery increased tiple phosphorylations by RK might themselves contribwith increasing numbers of phosphorylation sites. We ute to reproducibility. conclude that multiple phosphorylation of rhodopsin Biochemical studies of light-dependent phosphate inis necessary for rapid and reproducible deactivation. al., 1998), with S338 being the primary site phosphory-
To investigate the stoichiometry of phosphorylation, rod outer segment length as a wild-type control retina ( Figure 2A ). Normal retinal morphology was maintained as well as its contribution to the time course and reproducibility of rhodopsin deactivation, we undertook a for at least 2 months in S338A, S343A, STM, S338/CSM, and S334/S338/CSM lines (data not shown). CSM retifunctional analysis in intact mouse rods expressing mutant rhodopsin molecules in which selected phosphorynas showed a progressive degeneration that halved the number of photoreceptor nuclei at 12 postnatal weeks. lation sites were mutated to Ala. We then recorded single-photon responses from individual rods to determine This degeneration correlated with a higher expression of the transgene in this line and was not prevented by the effects of the mutations on the amplitude and time course of the responses. raising the mice in constant darkness (data not shown).
Transgenic mutant rhodopsin expression in rho Ϫ/Ϫ rods was restricted to the outer segments (Figures 2B

Results
and 2C), indicating that the Ser and Thr residues are not part of the carboxy-terminal recognition signal for Expression of Rhodopsin Mutants in Transgenic rhodopsin transport (Tai et al., 1999). Western blot analyMouse Rods
sis indicated that the expression levels of rhodopsin To investigate the role of individual C-terminal phoskinase, recoverin, arrestin, and transducin were indistinphorylation sites in rhodopsin deactivation, we used a guishable in transgenic mutant and wild-type retinas series of mutant transgenes in which one or more of the (data not shown). sites were replaced by Ala (Figure 1 ). To confirm that rhodopsin phosphorylation is restricted to the carboxyterminal Ser and Thr residues, we generated a mutant STM, S338/CSM, and S334/S338/CSM Rhodopsins Are Phosphorylated by RK In Situ in which all of these sites were substituted to Ala, the completely substituted mutant (CSM). Other mutants To assess phosphorylation of mutant rhodopsins, we examined light-dependent 32 P incorporation in intact retlacked one or more of the three Ser residues that are reportedly the preferred sites for phosphorylation by inas. Light exposure of the isolated retinas from control, STM, and S338/CSM mice resulted in phosphorylation rhodopsin kinase: S338A, S343A, serine triple mutant (STM; S334A/S338A/S343A). Finally, one site (S338) or of rhodopsin ( Figure 3A) , whereas retinas that were not exposed to light did not show appreciable levels of rhotwo sites (S334 and S338) were restored in the CSM (S338/CSM; S334/S338/CSM) to assess whether phosdopsin phosphorylation. No rhodopsin phosphorylation was detected in CSM retinas, confirming previous findphorylation of these residues is sufficient to support normal rhodopsin deactivation, as has been suggested ings that light-dependent rhodopsin phosphorylation is restricted to the carboxy-terminal Ser and Thr residues (Ohguro et al., 1995 The number of rod photoreceptor nuclei in the transgenic lines at this age is very similar to that of the wild-type retina. Shown in (B) and (C) are cryosections of the indicated lines at 1 month of age (for wt, S338A, STM, and S338/ CSM) and at 2 months of age (for CSM) immunostained with mAb R2-12N, which recognizes residues 2-12 from the amino terminus of rhodopsin at bright field (B) or dark field (C). Mutant rhodopsin, expression was restricted to rod outer segments. os, outer segment; is, inner segment; onl, outer nuclear layer; inl, inner nuclear layer.
that the labeled band in the other samples did not result recorded flash responses from rho Ϫ/Ϫ rods expressing each mutated rhodopsin (Figures 4 and 5) . The refrom phosphorylation of cone opsin. The same samples were probed with an antibody against the amino termisponses of the mutant rods took on one of two general phenotypes (Figure 4 ). Rhodopsin mutants with fewer nus of rhodopsin to assess the amount of rhodopsin present ( Figure 3B ). The presence of phosphorylated than three potential phosphorylation sites gave rise to responses that were greatly prolonged and maintained rhodopsin was also verified in the membrane fraction from light-exposed isolated retinas using isoelectric foa steady amplitude until abruptly turning off at widely varying times (e.g., Figures 4A and 6 ). Rhodopsin mucusing (IEF; Figure 3C ). Western blot of IEF gels of solubilized membrane fraction from S338/CSM, S334/S338/ tants with three or more potential phosphorylation sites produced responses that more closely resembled those CSM, and STM retinas exposed to light revealed one, two, or three species of phosphorylated rhodopsin reof normal rods, being briefer and more reproducible from trial to trial (Figures 4B, 5B, and 7). spectively ( Figure 3C, lanes 2, 3, and 5 ). Light-exposed wild-type rhodopsin showed six different phosphoryTo compare the kinetics of the flash responses from various mutants, we estimated the single-photon related species (lanes 4 and 7), whereas CSM was not phosphorylated (lane 6).
sponses of rods expressing mutant or wild-type rhodopsin ( Figure 5 ). The mean single-photon response of conThus, we conclude that all available carboxyl terminus phosphorylation sites in mutant and wild-type rhodoptrol rods rose to a peak amplitude of 0.5 pA in 110 ms. A single exponential function fitted to the final falling sins can be phosphorylated in a light-dependent manner in intact, living rods.
phase of the response gave a recovery time constant () of 150 ms (see Table 1 ). imply that the rate of rhodopsin deactivation depends not on the identity of the available sites, but on their the early time of onset of this effect indicates that it is not related to phosphorylation or arrestin binding, and total number. Taken together, these results are consistent with the notion that normal kinetics of rhodopsin therefore, the effect was not pursued further.
The experiments described above indicated that S334 deactivation require the presence of all six phosphorylation sites. and S338 were not sufficient for normal rhodopsin deactivation. In order to determine whether the three Ser residues were required for normal deactivation, we reEffect of Phosphorylation Site Mutants on the Reproducibility of the Single-Photon Response corded from rods expressing rhodopsin that lacked all 3 Ser residues but retained the 3 Thr residues (Ser triple In rods expressing rhodopsins with fewer than three phosphorylation sites, the single-photon responses typmutant or STM). Single-photon responses from these rods had a smooth time course that generally resembled ically maintained a steady amplitude for several seconds before abruptly turning off at widely variable times. The that of responses from wild-type rods. However, STM responses rose for longer times and recovered considdistribution of the durations of 790 single-photon responses from 11 CSM rods was fitted by a single expoerably more slowly than normal ( Ϸ 350 ms; Table 1; Figure 5B ). These results indicate that phosphorylation nential function with a time constant of 4.6 s ( Figure 6A) . Likewise, the distributions of durations from S338/CSM of the Thr residues alone can support rhodopsin deactivation, although not at the normal rate. and S334/S338/CSM rods were also exponential, with time constants of 2.9 s and 3.1 s, respectively (Figures When only one phosphorylation site was removed (S338A or S343A), the single-photon response was al-6B and 6C). This behavior is reminiscent of responses Table 2 ). The amount of the waveform, the form of the time-dependent ensemble variance should take the form of the mean dim flash residual variance increased as the number of available phosphorylation sites decreased (Table 2) . Because the response squared, as dictated by the Poisson statistics sin's COOH terminus is not expected to affect RK's deactivation. The results also suggest that RK binding ability to phosphorylate the remaining sites. Indeed, our alone has no effect on the catalytic activity of R* and experiments using IEF/Western blot showed that all available sites in various rhodopsin mutants could be phosphorylated in a light-dependent manner. 
Multiple Phosphorylation Confers Speed and Reproducibility on Rhodopsin Deactivation
When all the Ser and Thr residues at rhodopsin's C terminus were mutated to Ala (CSM), flash responses were greatly prolonged, consistent with the notion that phosphorylation is a necessary prerequisite for timely rhodopsin deactivation. Biochemical analysis of the carboxyl terminus of rhodopsin indicated that S338 and S334 are the preferred sites for phosphorylation in living mouse retinas (Ohguro et al., 1995) . If these are the exclusive sites in normal rhodopsin deactivation, restoring these sites in the CSM should lead to normal deactivation. Although restoring one (S338) or two (S334/S338) phosphorylation sites did partially attenuate rhodopsin's ability to activate transducin, phosphorylation of these residues did not result in normal deactivation kinetics. Instead, the responses recovered after an exponentially distributed waiting time of mean 3 s. We conclude that while phosphorylation of S338 is sufficient to reduce the catalytic activity of rhodopsin at early times, phosphorylation at one (S338) or two (S334/S338) sites cannot trigger the rapid, high-affinity arrestin binding to R* that is required for normal deactivation. This is consistent with previous reports that phosphorylation of one site (S334 or S338; Brannock et al., 1999) or two sites (S338/S343 or T340/S343; Zhang et al., 1997) does not efficiently trigger arrestin-mediated quenching of rhodopsin in reconstitution assays.
When three or more of the phosphorylation sites were present, the flash responses were more similar to those of normal rods, but they had slightly longer durations. When the 3 Ser residues were mutated (STM), the flash responses were about 2.5 times longer than control responses. This indicates that phosphorylation of the Thr residues was sufficient to induce high-affinity binding of arrestin to R*. When only a single Ser was mutated (S338 or S343), the responses were slightly slower than normal. This suggests that all six sites contribute to normal, rapid deactivation of photoexcited rhodopsin in Table 3 normal rods. The slowed recovery in these mutants could reflect a slower rate of phosphorylation by RK results support a simple model for rhodopsin deactivation in which multiple steps incrementally reduce the and/or a slower rate of arrestin association due to the decrease in the number of available phosphorylation catalytic activity of R*, contributing to the reproducibility of the single-photon response (Rieke and Baylor, 1998).
sites. Future experiments will investigate whether it is phosphorylation or arrestin binding that is rate limiting
The results of our study do not preclude other mechanisms for reproducibility, such as a prescribed sequence for recovery in these slowed responses.
Mutant rhodopsins containing fewer than three phosof phosphorylation events or calcium-dependent feedback to rhodopsin kinase. Multiple phosphorylation of phorylation sites yielded single-photon responses that turned off abruptly after exponentially distributed waitthe G protein-coupled receptor may prove to be a general strategy for rapid and reliable deactivation of signals ing times of several seconds. The stochastic termination of responses in CSM, S338/CSM, and S334/S338/CSM in systems that require strict temporal performance. rods suggests that the rate-limiting step in quenching 
